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Abstract
We use high-cadence observations in the He ii 304 Å line and a simple one-dimensional hydrodynamic model to reconstruct the
evolution of the velocity ﬁeld of 18 macrospicules. Besides, we study motions of their apparent summits and ﬁnd them to follow
parabolic trajectories, which correspond closely to the obtained velocity ﬁeld. The trajectory decelerations typically range from
140 to 240 m/s2, and initial velocities from 80 to 145 km/s. Moreover, we ﬁnd a clear linear dependence between these two values.
We estimate that typically from 10 to 30 % of the macrospicule’s observed mass fade out of the spectral line.
c© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Macrospicules were ﬁrst identiﬁed in the He ii 304 Å spectroheliograms obtained during the Skylab mission in
1973 and were named so for their resemblance to the conventional Hα spicules, while being signiﬁcantly larger in
size and longer-living [2]. Typically, they reach heights from 7 to 40 Mm (10′′ – 60′′) with lifetimes from 3 to 45 min
[19], and attain maximal velocities ranging from 70 to 140 km/s [5, 9]. They are typically visible in transition region
spectral lines, such as He ii 304 Å and O v 630 Å formed at around 5 × 104 K, and are rarely seen in a hotter Ne vii
465 Å line and mostly absent in Mg ix 368 Å which implies an upper temperature limit of 5 × 105 – 106 K [2, 14].
These results are further supported by the observations in radio wavelengths, suggesting that macrospicules typically
consist of a cool core at 8 × 103 K surrounded with a hotter sheath at (1 – 2) × 105 K, with the density varying from
1010 cm−3 in the core to 2 × 109 cm−3 in the outer shell [6].
The fact that macrospicules are exclusively observed in coronal holes implies that presence of the open magnetic
ﬁeld lines is critical for their formation. However, in spite of some of their properties being successfully reproduced in
numerical simulations, the formation mechanism of macrospicules still remains a not fully resolved problem [1, 15].
Some authors note, that macrospicules have approximately the same velocities, as the so-called Type II spicules, and
moreover, both of them are exclusively observed in the coronal holes, which suggests that these phenomena can be
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closely related [18]. It was estimated, that the amount of energy required to produce a macrospicule exceeds that
required for an ordinary spicule by roughly two orders of magnitude, and therefore, the macrospicules should be
considered an important factor in mass and energy balance in the corona [19]. Besides, macrospicules have been
previously proposed as a possible source of the fast solar wind component because of their high velocities and the fact
that both these phenomena are constrained to the coronal hole regions [13, 16].
2. Data and processing
2.1. Observations
For this study, we employ two series of observations in the He ii 304 Å line obtained by one of the two Full-disk
EUV Telescopes (FET) of the TESIS solar observatory. These telescopes were developed at the P.N. Lebedev Physical
Institute of the Russian Academy of Sciences and launched on board the CORONAS-Foton satellite on January 30,
2009 [10, 11]. Both observations were focused on a small area around the North pole of the Sun including the polar
coronal hole, with the angular resolution set to 1.7′′. The ﬁrst of these series consisting of 299 images was obtained
on October 2, 2009 between 13:40:37 and 13:58:09 UT with the ﬁeld-of-view of 32′ × 12′ and at a cadence of 3.5 s.
The second one consisting of 489 images was made on November 23, 2009 from 12:23:32 to 13:12:32 UT with a
greater ﬁeld-of-view of 34′ × 20′, but at a lower cadence of 6.0 s. On these time-series, we have identiﬁed a total
of 36 macrospicules, not all of which, however, were very distinct. Typically, they become distinguishable from the
background as separate protrusions of plasma at around 10 – 15 Mm above the limb. They slowly ascend, stop and
then descend along a certain axis, showing no or very weak sideward motions. We note that most of the macrospicules
do not stretch radially from the Sun, but are inclined outward from the poles.
2.2. Data reduction
To infer plasma densities from the intensities observed, we rely on the fact that macrospicules are optically thick
in the He ii 304 Å line. This means that the observed radiation should be mainly formed within a thin outer shell
of thickness , where emission from the underlying layers of the macrospicule is absorbed by helium ions. From the
Beer-Lambert law, this thickness can be estimated as
h0 = 1/ε ∼ 1/nHeII , (1)
where ε is the attenuation coeﬃcient of the macrospicule’s material and nHeII is the number density of partly ion-
ized helium atoms. Assuming that the emitting shell of a macrospicule is isothermal (with the temperature T0) and
homogeneous along the line-of-sight, the observed intensity I is then given by
I = G(T0)EM(T0) ∼ nHeIIneh0 ∼ ne , (2)
where G is the contribution function, EM is the emission measure, and ne is the electron density in this outer shell.
Finally, we assume that helium abundance and ionisation degree are constant, and therefore plasma density ρ can be
taken proportional to the electron density, i.e. ρ ∼ ne.
To investigate dynamics of a macrospicule, we consider a one-dimensional model in which the macrospicule’s
mass is concentrated along its inclined axis. Consequently, we represent the distribution of mass in terms of linear
density λ = Aρ, where A = A(z) is the macrospicule’s cross-section area at a given height z above the limb. Having
found axes of all the macrospicules detected, we have established a strong linear correlation between the inclination
of a macrospicule and its position along the limb (Fig. 1), with the proportionality constant k = 1.06±0.03. This gives
further evidence that macrospicules are guided by the open lines of the Sun’s global magnetic ﬁeld, which is close to
being poloidal at solar minimum.
Repeating the above procedure for every image in the dataset, where the macrospicule was identiﬁed, we obtain
a data array λ(z, t), which fully represents plasma motions in the macrospicule (see an example in Fig. 2a). These
data, however, require some further processing before a velocity ﬁeld of the macrospicule can be calculated. First, we
apply a low-pass ﬁlter in the temporal direction to eliminate sudden changes of brightness, which have no physical
meaning and, therefore, will result in harsh velocity outbursts. An example of the resulting array is shown in Fig. 2b.
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Fig. 1. The apparent inclination angle of the macrospicule’s axis (counted clockwise) versus the latitude of its base.
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Fig. 2. Space-time plots showing the pre-processing steps of the λ array: raw data (a), ﬁltered (b) and fully processed data (c).
Furthermore, we follow a technique described in [12] to determine and subtract a fairly strong background, which,
in the context of this study, is equivalent to the presence of a certain amount of unmovable mass, and therefore,
will perturb the calculated velocities, making them proportionally lower. Along with that, we eliminate artefacts
not associated with any real plasma ﬂows, which still remain above the macrospicule, most probably resulting from
plasma accidentally entering the cut-out window from the outside. The result of these operations is shown in Fig. 2c,
which serves as the input for the calculation technique described below.
2.3. Velocity ﬁeld calculation
With the knowledge how plasma density in the macrospicule changes with time, we can use the continuity equation
to reconstruct the evolution of the velocity ﬁeld. At this stage, we assume that the losses of the observed mass due to
both temperature change and transverse plasma ﬂows are negligible in the sense that they do not produce any essential
perturbations to the calculated velocity ﬁeld. Thus, in the one-dimensional case the continuity equation takes the form
∂λ
∂t
+
∂
∂z
(λvz) = 0 , (3)
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Fig. 3. Space-time plots showing the arrays of normalized derivatives P (a) and Q (b). Positive values are shown in red, the negative ones in blue.
where vz is the vertical component of the velocity vector. In terms of ﬁnding the velocity ﬁeld this yields
v′z = f (v, z) = Pvz + Q , (4)
where
P = −1
λ
∂λ
∂z
(5)
and
Q = −1
λ
∂λ
∂t
(6)
are data arrays of the same dimensions as the density array λ, and are calculated in advance (Fig. 4a,b). As for the
boundary conditions, we assume that there should be no plasma motions at a certain height zmax, i.e.
v(zmax) = 0 , (7)
3. Results
3.1. Velocity ﬁeld and decelerations
By this procedure, we have obtained the vertical component of plasma velocity ﬁeld for 18 macrospicules as a
function of time, an example of which is shown in Fig. 4a. For the remainder, no plausible results could be obtained
as they were either too faint against the background or not suﬃciently elevated. Along with that, we have studied
trajectories of the apparent summits of the same 18 macrospicules, and for 14 of them we have found these points to
follow parabolic trajectories with high precision (see an example in Fig. 4b). The corresponding (vertical) decelera-
tions typically range from 140 to 240 m/s2 and initial velocities (deﬁned by extrapolation as the summit’s velocity at
zero height) from 80 up to 145 km/s. The maximal heights are typically from 30 to 45 Mm, and the lifetimes are in
the range of 10 – 30 min, most commonly being close to 20 min; these values closely agree with results obtained in
the earlier studies [19, 5, 9].
For a more detailed analysis of a macrospicule’s dynamics, the velocity proﬁles at diﬀerent heights prove to be
extremely informative (Fig. 5). At each height, the evolution of the velocity ﬁeld ﬁts in a well identiﬁable pattern,
consisting of three major phases. First, as more plasma enters the area, the velocity increases until it reaches a certain
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Fig. 4. The calculated velocity ﬁeld (a) and the parabolic trajectory of the macrospicule’s summit (b).
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Fig. 5. Velocity proﬁles at diﬀerent heights. Each colored line corresponds to a certain height from 15 to 41 Mm. The straight black line corresponds
to the parabolic trajectory of the macrospicule’s summit.
common value. It then gradually decreases with a constant deceleration, changes the sign and continues do decrease
with the same deceleration. Finally, as the macrospicule’s material leaves the area, the velocity returns to a near-zero
value. The most interesting result is that the deceleration of all velocity proﬁles is roughly the same, and corresponds
closely to that of the parabolic trajectory of the macrospicule’s summit (the corresponding velocity proﬁle is indicated
in Fig. 5 with the straight black line).
Previously, a linear dependence between the deceleration and maximal velocity has been established for many
types for chromospheric jets, such as mottles, dynamic ﬁbrils, and spicules [7, 3, 4, 17]. The same dependence was
reproduced in numerical simulations within the model of shock-wave driven jets [8]. For this reason, we have plotted
the decelerations a of macrospicules versus their initial velocities v0 (Fig. 6). We have established a similar linear
dependence with the proportionality coeﬃcient k = (0.4 ± 0.1) × 103 s. This coeﬃcient is roughly four times higher
than that we could infer from plots in the papers cited above, which suggests that, even if the macrospicules are driven
by the magneto-acoustic shocks as well, their formation conditions must be diﬀerent.
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Fig. 6. Decelerations versus initial velocities of the parabolic trajectories.
3.2. Loss of mass estimates
A good correspondence between the calculated velocity proﬁles and the ﬁtted parabolic trajectories allows us to
assume that the whole macrospicule moves with the same velocity as its visible summit. We can therefore invert
the problem and obtain estimates of the amount of visible mass lost by a macrospicule throughout its lifetime by
introducing the sink term to the continuity equation, which will take the form
∂λ
∂t
+
∂
∂z
(λvz) = σ . (8)
The above assumption leaves σ the only unknown variable, making its calculation rather straightforward. Having
found σ as a function of height and time, we calculate the total amount of mass lost by the macrospicule as
LΣ =
t2∫
t1
zmax∫
zmin
σ(z, t) dt dz , (9)
where t1 and t2 are the time stamps of the macrospicule’s appearance and disappearance of above the limb respectively,
zmin is the minimal height where the macrospicule becomes distinguishable from the background, and zmax is the same
as in the boundary condition (7). Since plasma densities were previously determined in the arbitrary units, the only
meaningful value would therefore be the relative loss
L˜ =
LΣ
MΣ
, (10)
where MΣ is the total mass of the macrospicule. We deﬁne it as the maximal amount of the macrospicule’s mass
visible oﬀ-limb when it is fully elevated, i.e.
MΣ = max
t
zmax∫
zmin
λ(z, t) dz . (11)
Following this procedure, we have calculated the loss of mass percentage for 12 of the macrospicules studied. We
have found that a typical macrospicule loses a considerable amount of its visible mass ranging from 10 to 30 %, and
in certain cases even more, up to 50 and 80 %. In the latter case, a strong fading is noticeable in the λ space-time
plots. We should stress, however, that these values are only rough estimates, and therefore, must be treated with
caution. From the distribution of the obtained σ values we estimate a typical error for these results as around 50 %.
We believe that the main source of this uncertainty is the optical thickness of macrospicules in the He ii 304 Å line.
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Moreover, we have obtained the velocity ﬁeld in assumption of negligible loss, which is in a contradiction with the
obtained estimates of mass dissipation. We believe, however, that since the loss is nearly uniform, it does not disrupt
signiﬁcantly the calculated velocity ﬁeld. In this context, our assumption of the whole macrospicule moving with the
same velocity as its summit still appears to be plausible.
4. Conclusions
The obtained estimates, though being not very precise, are essential for our understanding of the role of macrospicules
in mass balance of the corona and in the formation of the fast solar wind component. For a relatively cool structure,
such as a macrospicule, moving through the hot corona, dissipation of its visible mass is most likely to result from the
heating of some portion of its mass to higher temperatures, thus supplying the corona with new material. We must
note, that in above we have implicitly assumed that all of the macrospicules material is initially fully visible in He ii
304 Å and is then gradually fading out of the line. Though most probable, as macrospicules are best seen in helium,
this is not bound to be true, as a certain amount of cooler plasma can be heated to the transition region temperatures
during the macrospicule’s movement. This would result in a certain positive supplement to the calculated σ values,
meaning that the loss of mass rate we have thus inferred is underestimated.
In this study, we have examined a relatively small dataset. We are now working to apply this technique to eﬀectively
process vast amounts of the SDO data with a minimum of manual operations. This will allow us to perform a statistical
analysis of their properties and to detect possible variations throughout the solar cycle.
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